[1] We carried out monitoring of surface electric potential variations at the Soultz Hot Dry Rock site (France) during a stimulation experiment where 23 000 m 3 of water were injected in granite at 5 km depth. We have observed a longperiod (9 -10 days) potential variation with a maximum amplitude of %5 mV, thanks to the conductive well casing. The start of this anomalous potential coincides with that of the water injection and its magnitude increases as more water is injected before returning toward its original value after shut-in. We interpret this anomalous potential as an electrokinetic effect which is caused by the injection of water circulating in deep fractures. We modeled the pressure distribution during the stimulation and obtained the surface SP using electrokinetic coupling relationships. We found that an in-situ coupling coefficient of % À1 mV/MPa, at the low end of laboratory values, gives a good fit to the data.
Introduction
[2] The self-potential (SP) method has been applied to study geophysical phenomena related to fluid flow. It has been known for a long time that fluid flow through a porous medium generates an electric potential (known as streaming potential; see Revil et al. [1999] and references therein) variation by the drag of the electrical double layer at the pore-matrix interface by the pore fluid flow.
[3] Fluid-flow related geophysical applications of SP include volcanology [Zlotnicki and Le Mouël, 1990] , geothermics [Corwin and Hoover, 1979] , hydrology [Sill, 1983] and possible earthquake precursory phenomena [Varotsos et al., 1999] . A great number of the studies published in volcanology and geothermics were using SP as a mapping tool, i.e., a snapshot of the distribution of electric potential at some time (t). This mapping describes the geometry of singularities in the fluid flow but does not provide information about its non-stationary dynamics. These can only be studied through time monitoring of electric field variations.
[4] Ishido et al. [1983] have observed variations of the order of 3 to 5 mV in the Takinoue geothermal area in NE Japan during a production-injection test at 700 m depth, with opposite polarities depending on the phase (i.e., injection or production). Ushijima et al. [1999] have also observed surface SP variations during a stimulation at the Ogachi Hot Dry Rock (HDR) project in Japan at 1000 m depth. Inversion of the SP data yielded a current source distribution similar to that of the acoustic emission hypocenters, indicating a clear spatial relation between fluid flow and SP sources in shallow reservoirs. Can we however extend this reasoning to greater depths?
The Soultz HDR Site and the 2000 Stimulation Experiment
[5] The Soultz-sous-Forêts HDR site is located in north Alsace (France). Since the mid-80's it has been investigated for its HDR potential because of its location above a small granitic horst covered by approximately 1500 m of insulating sediments. The long-term objective of the project is to use the hot granite (200°C at 5 km) as a thermal exchanger to heat up the water that activates turbines that generate electricity. It is therefore essential to increase the reservoir's natural permeability by stimulation to ensure proper fluid circulation. A more thorough discussion of the HDR concept can be found in Baria et al. [1999] .
[6] The site has been the object of a stimulation experiment in the summer of 2000. Over 23 000 m 3 of water have been injected in borehole GPK2 at depths between 4400 and 5000 m (Figure 1 . The sequence began in the evening of June 30th with the injection of 2500 m 3 of brine, followed by 20 500 m 3 of fresh water. A hydraulic test started on July 13 at noon and consisted of only fresh water (Figure 3c ).
[7] The intense seismic activity (over 25 000 events; Figure 3d ) was recorded and located with a surface array, borehole seismometers and acoustic recorders. The detailed analysis of these data by several groups is in progress and will be presented elsewhere.
Electrical Monitoring Experiment
[8] The surface electric potentials were measured with four Pb-PbCl 2 [Petiau, 2000] electrodes (N, S, E, W) at each site. All electric potentials shown here are with respect to a single electrode located near the wellhead and hence should not be thought of as self-potentials for which the reference should have been taken at infinity. We will refer to them as ÁV for the remainder of the paper. They were recorded using a multi-channel telluric data acquisition system developed for the 1995-1996 Garchy electrode experiment [Perrier et al., 1997] with a sample rate of one point per minute. We also recorded local magnetic field variations with a fluxgate magnetometer.
[9] An example of raw ÁV data from the N electrode at site 01 (500 m away from the wellhead; Figure 1 ) is shown in Figure 2a . Three prominent first-order features are recognized:
5 mV signal across the whole data window related to electric currents induced by magnetic daily variations (DV in Figure 2a ). Short-period high-amplitude variations after July 10th, that can be explained by enhanced EM induction during a magnetic storm (MS), as evidenced by the magnetic data plotted in Figure 2b . Several small-amplitude, short-duration (a few hours) events that are related to rainfall infiltration (RI).
[10] In addition, we notice a long-term small-amplitude trend between June 30 and July 8. In order to have a closer look at these small long-term effects, we have applied a one-day average filter over the data series for all four electrodes from sites 01 and 02 (Figure 3a and 3b). Another long-term trend is identified between July 14 and 16. For sake of comparison, we have plotted the water injection rate (shaded in Figure 3c ), the ovepressure at the openhole ( Figure 3c ) and the time rate of induced seismic events (Figure 3d ).
[11] The correspondence between the start (and the end) of the stimulation and the increase (and the decrease) in ÁV suggests a causal relationship between them. This hypothesis is strenghtened by the behavior of ÁV during the second stimulation (Figure 3) . A straightforward interpretation would be electrokinetic phenomena as the injected water circulates through fractures.
[12] There is however a difficulty of associating the observed anomalies to electrokinetics: consider the amplitudes of the anomalies, up to 5 mV. These values are similar X -2 to those reported in the literature [Ishido et al., 1983; Ushijima et al., 1999] for sources located at less than 1 km depth. The sources here are almost five times deeper; this could be compensated by a much stronger electric source, or by the presence of a conductive well casing.
Modeling of Observations
[13] We have developed a numerical modeling scheme that takes into account both fluid and electric current flow by self-consistent computation of both fields, an approach similar to that of Wurmstich and Morgan [1994] . We have solved the governing equations using a 2D finite-difference scheme. The pressure field was computed on a small-step grid (50 m) and the electric potential on a looser grid (50 to 5000 m), because of the different nature of the boundary conditions at infinity for each problem: the electric potential vanishes at infinity and the overpressure vanishes 1500 m away from the well.
[14] Consider a model of initial permeability k(x, y, z) in which a fluid is injected at some depth Z, causing a sudden overpressure flow Q i (x, y, Z). The steady-state pressure field (P) can be computed %using by solving
where h is the fluid viscosity. [15] The fluid injection results in a local increase in permeability. Numerical simulations by Bruel [1995] have given a relationship between effective normal loading and permeability normalized to its pre-stimulation value for Soultz-sous-Forêts. An overpressure of 15 MPa should induce a 20-fold increase in k. For our model, the dimensions of the enhanced permeability zone are determined by the envelope of the microseismic activity. We have used an exponentially decreasing k from the openhole to the edge of the increased-permeability zone. This way, our model results are the response for a local increase in k but are not numerically biased by the effects of a spurious charge accumulation caused by strong pressure variations at the permeability boundaries.
[16] Knowing the pressure distribution, we can compute the electric potential V using
where ' is the electrokinetic coupling coefficient and s is the electrical conductivity of the rock [Revil et al., 1999] .
[17] Following Equation (2), there are two possible electrokinetic sources: spatial variations of ' parallel to the pressure gradient, and the divergence of the pressure gradient. We will consider here that the injected and the insitu fluids homogenize rapidly and therefore r' Á rP = 0. Following standard practice, we have used the coupling parameter C = À'/s fluid , rather than ', as input to the model. We have tried to determine C in situ by trial-anderror. The electrical conductivity model is a 0.001 S/m half-space in which we added a high-conductivity vertical well casing that acts as an equipotential.
[18] We have computed a steady-state solution for a snapshot at T = 100 hours after the start of the stimulation. Figure 4a shows the distribution of electric potential in the model. As expected, the conductive casing concentrates field lines in its vicinity. Its effect is to carry upwards the potential variations at depth.
[19] The electric potential at the surface is shown in Figure 4b . There is an decrease of the absolute value of the electric potential away from the wellhead, from À30 mV near the casing to 0 mV at great distances. To compare with the actual data, Figure 4c shows the ÁV (with respect to the reference electrode; Figure 1 ) for the first 600 m away from the casing. A coupling parameter of %À1 mV/MPa is necessary to obtain a good fit the data. Without the casing, the surface ÁV is of the order of 1 mV.
Discussion

5.1.
In-situ Coupling Parameter
[20] Our value of C for granite (À1 mV/MPa) is at the lowermost end of the values reported in the literature: Ishido and Mizutani [1981] report a C % À600 mV/MPa based on their value for quartz; Morgan et al. [1989] have obtained experimentally À2000 < C < À200 mV/MPa for crushed samples of Westerly granite, and Reppert [2000] has recently reported a value of À5 mV/MPa for intact samples of Westerly granite. These values have been obtained at temperatures much lower than the in situ temperature of 140°C, but in this paper we model the injection phase for which the water temperature %40°C, so that the above values can be used for comparison.
[21] Such a low C requires flow of a saline fluid, about 10 À1 N [Ishido et al., 1983] . This suggests an important degree of mixing of the injected fresh water with the insitu brines.
5.2.
Time Evolution of SP Sources
[22] The correlation found between the early increase in ÁV and the start of the injection (Figure 3 ) suggests a direct cause and effect relationship that we have modelled above. We note that the overpressure remains approximately constant at 12 MPa until the injection rate reaches 50 l/s. From that point, there is a small gradual increase in overpressure that ends shortly after the end of the injection. It is also from that point that the surface ÁV increases from around 2.5 to 4.5 mV at site 01.
[23] It is not so after shut-in however. Pressure and ÁV both decrease, but the decay is much slower for ÁV and ends several days after the end of the main injection. This indicates ongoing fluid flow at depth. The flow rates are still quite high, since the SP remains around 2 mV. By simple comparison with its value during the injection process, it means that the flow is at least as significant as when water was injected at a rate of 30 l/s, even though very few fractures are being stimulated (Figure 3d) . Indeed, several events were recorded in the area up to a month after the stimulation. We point out that the background seismic activity is very low in the region.
Conclusion and Perspectives
[24] Monitoring of electric potential during a deep hydraulic stimulation at the Soultz-sous-Forêts HDR site shows that fluid flow at 5 km depth generates detectable surface anomalies, thanks to the presence of the electrically conducting steel well casing. This is observed for two injections one week apart. Hydraulic-electric forward modeling enables to estimate the in situ coupling parameter at %À1 mV/MPa. While other indicators such as microseismic activity almost vanish a few hours after shut-in, strong ÁV anomalies reveal the continuation of the flow for several days. To explain this last observation, we need to extend our model to 3D, using the spatial distribution of the microseismic cloud, and to include elaborate fracturing and flow models [Eguchi et al., 1998; Jing et al., 2000] .
[25] Our results have implications not only for industrial applications such as geothermal and hydrocarbon reservoir monitoring, but also for studies of volcanic-and earthquake-related phenomena. For example, detecting electrokinetic precursory phenomena occurring in a seismogenic zone at, say, 15 km depth without help from a deep conductive casing seems rather unlikely.
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